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ABSTRACT 

Investigation and manipulation of mitochondrial gen- 
etics in animal and plant cells remains restricted by 
the lack of an efficient in vivo transformation meth- 
odology. Mitochondrial transfection in whole cells 
and maintenance of the transfected DNA are main 
issues on this track. We showed earlier that isolated 
mitochondria from different organisms can import 
DNA. Exploiting this mechanism, we assessed the 
possibility to maintain exogenous DNA in plant or- 
ganelles. Whereas homologous recombination is 
scarce in the higher plant nuclear compartment, re- 
combination between large repeats generates the 
multipartite structure of the plant mitochondrial 
genome. These processes are under strict surveil- 
lance to avoid extensive genomic rearrangements. 
Nevertheless, following transfection of isolated or- 
ganelles with constructs composed of a partial gfp 
gene flanked by fragments of mitochondrial DNA, 
we demonstrated in organello homologous recom- 
bination of the imported DNA with the resident DNA 
and integration of the reporter gene. Recombination 
yielded insertion of a continuous exogenous DNA 
fragment including the gfp sequence and at least 
0.5 kb of flanking sequence on each side. According 
to our observations, transfection constructs carrying 
multiple sequences homologous to the mitochon- 
drial DNA should be suitable and targeting of most 
regions in the organelle genome should be feasible, 
making the approach of general interest. 

INTRODUCTION 

Mitochondrial genetic systems are essential for eukaryotic 
cells, as they provide a number of proteins which are 
involved in the structure or in the biogenesis of the oxida- 
tive phosphorylation chain. Mutations in the compact 



human mitochondrial DNA (mtDNA, 16.5 kb) cause 
numerous degenerative disorders which are currently in- 
curable (1). Mutations in the mitochondrial genome in 
mammals have also been implicated in ageing (2). In 
plants, mitochondrial genetic processes are complex, 
including cis- and ?ra«.v-splicing of introns (3), RNA pro- 
cessing and surveillance (4), as well as RNA editing (5). 
Mitochondrial genetics influences traits of great agrono- 
mical importance, especially cytoplasmic male sterility 
(CMS), which is widely used in crops for breeding and 
hybrid maintenance (6-8). Manipulating the mitochon- 
drial genetic systems is thus of both fundamental 
and applied relevance. Unfortunately, only yeast and 
Chlctmydomonas reinhardtii cells are amenable to mito- 
chondrial genetic transformation using biolistic appro- 
aches (9,10). Despite the efforts of a number of 
laboratories, neither mammalian nor plant mitochondria 
could be transformed in whole cells with the current con- 
ventional methodologies. Gene therapy for diseases ori- 
ginating from mtDNA mutations is therefore still in its 
infancy (11). The lack of reverse genetic approaches 
makes it difficult to search for new genes and regulatory 
functions in the large plant mitochondrial genomes (up to 
740 kb so far) in which more than half of the sequences 
are unassigned (12). Similarly, the expression of foreign 
RNAs or proteins in mitochondria could not be ad- 
dressed, despite its fundamental and biotechnological 
interest. 

Failure to transform mammalian and plant mitochon- 
dria raises fundamental questions regarding the transfer 
and fate of foreign DNA in the organelles. We previously 
demonstrated that isolated plant and mammalian mito- 
chondria actually import double-stranded linear DNA 
(13,14). Sensitive to a number of effectors (13-15), this 
transport process appears to be mediated by a physio- 
logical mechanism which might possibly be exploitable 
to promote transfection of mitochondria in whole cells. 
In this respect, different types of mitochondriotropic ves- 
icles have been developed to carry exogenous DNA into 
mammalian cells and towards mitochondria [e.g. (16,17)]. 
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A prerequisite for such strategies to become a major break- 
through towards mitochondrial transformation is that the 
imported exogenous DNA functionally joins the organelle 
genetic system. As a first step, we previously showed that, 
following incorporation into isolated plant or mammalian 
mitochondria, a gene controlled by a mitochondrial pro- 
moter can be transcribed in organella, establishing that the 
imported DNA is able to recruit the components of the 
RNA synthesis system (13,14). The produced transcripts 
can be processed and matured (14,18). 

To open the way for novel mitochondrial transform- 
ation approaches built on organelle natural competence, 
it remains to be established that exogenous DNA taken up 
by mitochondria can be maintained and propagated. To 
that end, the imported DNA has to join the organellar gen- 
ome and DNA metabolism. Whether in fungi, mammals 
or plants, the mtDNA is packaged into membrane- 
associated DNA-protein particles called nucleoids 
(19-22). Each nucleoid might contain several copies of 
the mitochondrial genome and the different organisms 
seem to have unique sets of nucleoid-associated proteins 
(23). The data suggest that mitochondrial nucleoids in eu- 
karyotic cells are centers of mtDNA maintenance and ex- 
pression (20). To be maintained, exogenous DNA 
imported into the organelles likely has to become inte- 
grated into nucleoids. However, it has been shown that 
mitochondrial nucleoids do not freely exchange their 
DNA but rather tightly regulate their genetic content (24). 

If foreign sequences introduced into mitochondria can 
reach the regular location of the mtDNA, two ways of 
maintenance and propagation can be considered, i.e. au- 
tonomous replication or integration into the mitochon- 
drial genome following recombination. Designing 
exogenous replicons on the basis of the current knowledge 
on mitochondrial replication mechanisms and sequence re- 
quirements remains difficult. The early model of mtDNA 
replication in mammalian mitochondria (25) has been re- 
cently rediscussed (26-28). Coexistence of recombination- 
dependent replication and recombination-independent 
rolling-circle replication has been proposed in plant 
mitochondria (29), but these processes remain little docu- 
mented. Besides the main chromosomal genome, mito- 
chondria from plants and fungi contain autonomous 
circular or linear plasmids (30,31). Plant circular 
plasmids are interesting models for mitochondrial replica- 
tion (32), but the substrate for mitochondrial import is 
linear DNA (13) and the information on the replication 
of linear plasmids is limited (33). Although relevant 
activities were detected, recombination in mammalian 
mitochondria in turn remains a contentious subject and 
in any case is rare (34). On the contrary, homologous re- 
combination based on sequence repeats is considered to 
shape the mtDNA in plant organelles, generating a 
dynamic set of subgenomic molecules (35,36). These 
complex processes lead to a stoichiometrically variable 
multipartite genome organization (37). However, recom- 
bination in plant mitochondria involves specific large size 
repeats and is under the surveillance of nuclear-encoded 
protein factors (38,39). 

In the present work, we made use of DNA constructs 
consisting of a portion of the GFP (green fluorescent 



protein) reporter gene flanked by mtDNA sequences. We 
show that such exogenous DNA fragments imported into 
plant mitochondria can get through the different controls 
and limitations mentioned above, join the mtDNA and 
integrate into the organellar genome through homologous 
recombination. Analysis of the 5' and 3' junctions showed 
accurate integration of the reporter gene into the mtDNA, 
without sequence duplication or deletion. 

MATERIALS AND METHODS 

Gene constructs and plasmids 

The first of the two constructs used for recombination 
studies was based on the 5.27-kb repeat present in the 
maize (Zea mays) mitochondrial DNA (40). Part of this 
repeat (i.e. nucleotides 3881-6927 in the complete maize 
mitochondrial genome, accession number AY506529) was 
amplified by PCR from maize mtDNA with the primers 
DR-5 and DR-3. The PCR product was cloned into the 
SacI and Xhol sites of the pBluescript KS vector 
(Stratagene). Its sequence fitted the database genomic se- 
quence (accession number AY506529), apart from a few 
single nucleotide divergences. A 438-nt fragment of the gfp 
(green fluorescent protein) gene (nucleotides 98-535 of the 
coding sequence), amplified from plasmid pCK-GFP3 (41) 
with primers gfp_int_Hind_5 and gfp_int_Hind_3, was 
subsequently inserted into the central Hindlll site (nucleo- 
tides 5419-5424 in the AY506529 sequence) of the cloned 
maize sequence. The insertion was in antisense orientation 
versus the maize sequence. The resulting plasmid was 
called pBDR-Zm/gfp. 

For the second construct, a section (i.e. nucleotides 
8166-10261 in the sequence with the accession number 
X93575) of the potato (Solarium tuberosum) mitochondrial 
gene nad2, encoding subunit 2 of the NADH dehydrogen- 
ase, was amplified by PCR from potato mtDNA with 
primers nad2-5 and nad2-3. The PCR product was cloned 
into the Hindlll and Xbal sites of the pBluescript KS 
vector. Sequencing revealed significant divergence versus 
the database information (accession number X93575), es- 
sentially residing in nadl intron 4 which was longer by 
131 nt (see Supplementary Data and Supplementary 
Figure SI, for the full sequence of the obtained product). 
The central SphI fragment (i.e. nucleotides 780-1181) of 
the cloned nad2 sequence was excised and replaced by the 
same partial gfp sequence as above. In this case, the 438 nt 
fragment of the gfp gene was amplified from plasmid 
pCK-GFP3 with primers gfp_int_Sph_5 and gfp_int_ 
Sph_3. The insertion was also in antisense orientation 
versus the nad2 sequences. The resulting plasmid was 
called pBnad2-St/gfp. 

The primers used to build these constructs had the fol- 
lowing sequences: 

DR-5 (SacI site underlined) 

5'-AGCAAGAGCTCATACCGCTCCGTTAGGTA 
CTA-3' 

DR-3 (Xhol site underlined) 

5'-GTACACTCGAGTCTTTGTTGAGTGTACCC 
CGA-3' 
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gfp_int_Hind_5 (Hindlll site underlined) 
5'-AGCAAAAGCTTGTGAAGGTGATGCAACAT 
ACG-3' 

gfp_int_Hind_3 (Hindlll site underlined) 
5'-GTACA AAGCTT CTAGTTGAACGCTTCCAT 
CTTC-3' 

nad2-5 (Hindlll site underlined) 
5'-GTACA AAGCTT AGCGGCGAATTTCAAACT 
TGTG-3' 

nad2-3 (Xbal site underlined) 
5'-AGCAATCTAGAAACGACTTGTCACGATCC 
ATTG-3' 

gfp_int_Sph_5 (SphI site underlined) 
5'-AGCAAGCATGCGTGAAGGTGATGCAACAT 
ACG-3' 

gfp_int_Sph_3 (SphI site underlined) 
5'-GTACA GCATGC CTAGTTGAACGCTTCCAT 
CTTC-3' 

DNA substrate labeling 

To generate radioactive DNA substrates for mitochon- 
drial import assays, the sequences of interest were amp- 
lified by PCR from plasmids pBDR-Zm/gfp and pBnad2- 
St/gfp with the couples of primers DR-5/DR-3 and 
nad2-5/nad2-3 (see above), respectively. Fifty nanograms 
of PCR product were subsequently submitted to a single 
additional cycle of PCR with a 20-min elongation step in 
the absence of unlabeled dCTP and in the presence of 
100 uCi of [a- 32 P]dCTP (3000 Ci/mmol). During the last 
5min of elongation, 0.2 mM of unlabeled dCTP was 
added. After the reaction, the unincorporated radioactivity 
was eliminated by gel-filtration through a Sephadex G-50 
spin-column. 

Plant material and isolation of mitochondria 

In the case of maize, mitochondria were isolated from 
etiolated 4-day-old seedlings grown in complete darkness. 
Freshly cut epicotyls (200-300 g) were homogenized in a 
Waring blender with three volumes of isolation buffer 
(300 mM sucrose, 20 mM KH 2 P0 4 , 10 mM KC1, 5mM 
EDTA, 1 mM MgCl 2 , 0.1% w/v BSA, 6mM B-mercapto- 
ethanol, pH 8.2). Following filtration through a nylon net 
(100 um mesh), the homogenate was centrifuged at 1500g 
for 15min to remove cell debris and nuclei. Crude mito- 
chondria were subsequently spun down at 16000g for 
15min. The pellet was resuspended in washing buffer 
(300 mM sucrose, 20 mM KH 2 P0 4 , lOmM KC1, 5mM 
EDTA, ImM MgCl 2 , 0.1% w/v BSA, pH 7.2), loaded 
onto a sucrose cushion (1 M sucrose, 20 mM KH 2 P0 4 , 
5 mM EDTA, 1 mM MgCl 2 , pH 7.2) and centrifuged at 
40000g for 15min. The upper layer containing the mito- 
chondria was transferred to a new tube, diluted with wash- 
ing buffer and centrifuged at 16000g for 15min. The final 
pellet was resuspended in a small volume of washing buffer. 

For potato, mitochondria were isolated from tubers ac- 
cording to Neuburger et al. (42) and Koulintchenko et al. 
(13). Tobacco mitochondria were isolated from wild type 



BY-2 Nicotiana tabacum cell suspensions. A 4-day-old 
BY-2 cell suspension was filtered through a 100-um mesh 
nylon net. To prepare protoplasts, the recovered cells were 
resuspended in 50 ml of enzymatic solution (0.1% w/v 
pectolyase Y23, 1% w/v cellulase RS (Onozuka), 0.45 M 
mannitol, 3.5 mM MES, pH 5.5). The suspension was 
transferred to a Petri dish and the cell wall was digested 
for 2 h at 30°C in the dark. Protoplasts were centrifuged at 
800g for 5 min and washed with 40 ml of 0.45 M mannitol, 
3.5 mM MES, pH 5.5. After a 10 min centrifugation at 
800g-, the pellet was resuspended in 40 ml of extraction buf- 
fer (0.3 M sucrose, 30 mM sodium diphosphate, 2mM 
EDTA, 0.3% w/v BSA, 0.8% w/v polyvinyl pyrrolidone 
25 K, 0.5% w/v cysteine, 5 mM glycine, 2 mM B-mercapto- 
ethanol). The protoplasts were disrupted by passing three 
times through a 30-um mesh nylon net. Mitochondria 
were further isolated according to Delage et al. (43). After 
centrifugation of the filtrate at 2000g for 15 min, the super- 
natant was recovered and centrifuged at 1 1 OOOg. The 
pellet was resuspended in 2-3 ml of washing buffer 
(300 mM sucrose, lOmM K 2 HP0 4 , ImM EDTA, 5mM 
glycine, 0.1% w/v BSA, pH 7.5) and mitochondria were 
purified by centrifugation through discontinuous Percoll 
(Sigma) gradients (successive layers of 45, 21 and 13.5% 
v/v Percoll in 250 mM sucrose, 50 mM Tris-HCl, 3mM 
EDTA, pH 7.5) for lh at 40000g. Intact mitochondria 
collected from the 13.5/21% interphase were diluted 10 
times with washing buffer and pelleted by centrifugation at 
12 500g for 15 min. This washing step was repeated twice. 

Mitochondrial import and in organello recombination 

assays 

Mitochondrial import of DNA constructs was carried out 
in 40 mM potassium phosphate, 0.4 M sucrose, pH 7.0 
(13) in the case of potato and tobacco mitochondria and 
in 40 mM potassium phosphate, 0.3 M sucrose, pH 7.0 in 
the case of maize seedling mitochondria. The samples 
(lml) containing up to 50 ng of [ 32 P] -labeled DNA and 
an amount of purified mitochondria corresponding to 
lmg of proteins were incubated at 25°C for 40 min 
under mild shaking. Following addition of 200 [ig of 
DNase I and lOmM MgCl 2 , the incubation was continued 
for 20 min in the same conditions. Mitochondria were sub- 
sequently washed two times by resuspension in 1 ml of 
lOmM potassium phosphate, 300 mM sucrose, lOmM 
EDTA, 10 mM EGTA, 0.1% w/v BSA, 5mM glycine, 
pH 7.5 and centrifugation for 5 min at 10000,?. The final 
pellet was resuspended in DNA synthesis buffer. In the 
case of potato mitochondria, the DNA synthesis buffer 
contained 330 mM sucrose, 90 mM KC1, 10 mM MgCl 2 , 
12mM tricine, 5mM KH 2 P0 4 , 1.2mM EGTA, ImM 
GTP, 2mM DTT, 2mM ADP, lOmM sodium succinate, 
50 uM of each dNTP (dATP, dGTP, dTTP, dCTP), pH 
7.2 (13). For the experiments with maize and tobacco 
mitochondria, the DNA synthesis buffer was 300 mM 
sucrose, 10 mM KC1, 5mM MgCl 2 , 12mM tricine, 
5mM KH 2 P0 4 , 1.2 mM EGTA, ImM GTP, 2mM 
DTT, 2mM ADP, lOmM sodium succinate, 0.15mM of 
each dNTP (dATP, dGTP, dTTP, dCTP), pH 7.2. Upon 
further incubation for 1-2 h at 25°C under mild shaking, 
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mitochondria were pelleted and extracted with one volume 
of 10 mM Tris-HCl, 1 mM EDTA, 1% w/v SDS, pH 7.5 
and one volume of phenol. The nucleic acids recovered in 
the aqueous phase were ethanol precipitated. 

Electrophoretic analysis of import and in organello 
recombination samples 

Different gel electrophoresis methods were used to analyze 
the nucleic acid samples from mitochondrial import and 
in organello recombination assays. Native electrophoresis 
was on 1% w/v agarose gels in TAE buffer (40mM Tris- 
acetate, 1 mM EDTA, pH 8.0) and containing 0.5 |xg/ml 
ethidium bromide. Before loading on the gel, samples were 
completed with 0.2 volume of glycerol 50% v/v, SDS 1 % 
w/v, EDTA 1 mM, bromphenol blue 0.1% w/v, xylene 
cyanol 0.1% w/v. Alkaline electrophoresis was on 1% 
w/v agarose gels in alkaline buffer (50mM NaOH, 
lOmM EDTA). Before loading on the gel, samples were 
completed with 0.2 volume of 50 mM NaOH, 1 mM 
EDTA, 3% w/v Ficoll (Type 400), 0.025% w/v bromcresol 
green, 0.05% w/v xylene cyanol. Migration was carried 
out at 3.5 V/cm. Gels were neutralized by soaking in 1 M 
Tris-HCl pH 7.6, 1.5 M NaCl for 40min and subsequently 
stained with 0.5 (.ig/ml ethidium bromide in TAE buffer 
for 30min. As an alternative method for denaturing 
analysis, samples were heated for 5min at 100°C in 
20 mM EDTA, 0.05% w/v bromphenol blue, 0.05% w/v 
xylene cyanol, 95% v/v formamide, chilled on ice for at 
least 2min and loaded on a native 1% w/v agarose gel. All 
samples were finally transferred from the agarose gels to 
nylon membranes and revealed by autoradiography. 

Analysis of import and in organello recombination samples 
following restriction digestion 

For such assays, nucleic acids extracted from the mito- 
chondria after import and post-incubation in DNA syn- 
thesis conditions were separated on a 0.8% w/v native 
agarose gel. The area of the gel containing the high mo- 
lecular weight DNA was cut out and the DNA was eluted 
by centrifugation through glass-wool. The recovered 
material was phenol-extracted and ethanol-precipitated. 
After quantification, 5-10 ug of DNA were digested for 
18 h with BamHI and Seal restriction enzymes at 37°C 
in buffer appropriate for double digestion. To inactivate 
the enzymes, the temperature was raised to 70° C for 
15min. The final samples were run on a 0.8% w/v 
agarose gel in TAE buffer, transferred to a nylon 
membrane and submitted to autoradiography. 

Southern hybridization 

To confirm the migration of the mtDNA, aliquots of 
nucleic acid samples from mitochondrial import and 
in organello recombination assays were run on the agarose 
gels and transferred onto nylon membranes in alkaline 
conditions. Membranes were soaked for lOmin in 5x 
SSPE (750 mM NaCl, 200 mM NaH 2 P0 4 , 200 mM 
EDTA, pH 7.4) containing 1% w/v SDS. Pre- 
hybridization was run for 4h at 42° C in hybridization 
buffer (5x SSPE, 50% v/v formamide, 5x Denhardt's 
solution, 1% w/v SDS, 20ug/ml denatured herring 



sperm DNA). Hybridization with a [ P]-labeled probe 
for the cob gene was run for 40 h at 42°C. Finally, the 
membranes were sequentially washed in 5x SSPE with 
0.1% w/v SDS, lx SSPE with 0.1% w/v SDS and 0.2 x 
SSPE with 0.2% w/v SDS, before detection by 
autoradiography. 

The cob probe (343 bp) was amplified from tobacco 
mtDNA with the following primers: 

cob5 5'-CCAACCCCGAGCAATCTTAG-3' 
cob3 5'-AAGCTCATCTGACCCCAAGG-3' 



PCR analyses 

PCR reactions were run with a high fidelity polymerase 
(Expand High Fidelity PCR System, Roche). For inverse 
PCR analyses, 1 \yg of total DNA extracted from the 
mitochondria after import and in organello recombination 
assays was digested with the Msel restriction enzyme. 
After phenol extraction and ethanol precipitation, lOOng 
of the DNA were used for ligation. To favor intramolecu- 
lar ligation events, the reaction was carried out overnight 
at 11°C with a concentration of 5' ends as low as 5pM 
and 2.5 U of T4 DNA ligase. Following phenol extraction 
and ethanol precipitation, the ligated DNA served as a 
template for PCR reactions with the primers gfp_int3 
and nad2St_inv (for the assays run with potato mito- 
chondria) or gfp_int3 and nad2Nt_inv (for the assays 
run with tobacco mitochondria). For direct PCR reac- 
tions, we used as a template lOOpg of plasmid DNA or 
100 ng of mitochondrial DNA extracted from the 
mitochondria after import and in organello recombination 
assays. To analyze in detail the recombination junctions, 
the appropriate regions were amplified with different com- 
binations of primers. For DNA samples from the assays 
run with potato mitochondria, each junction was amp- 
lified independently. The 5'-junction region was amplified 
with primers ex2St and gfp_int5, whereas the 3'-junction 
region was obtained with primers gfp_int3 and ex3St. For 
DNA samples from the assays run with tobacco mito- 
chondria, we first amplified, with primers exlNt and 
ex4Nt, a 2.5-kb fragment spanning the whole recombined 
region. This fragment was subsequently used as a template 
for nested PCR with primers ex2Nt and gfp_int5 (to 
amplify the 5' junction) or gfp_int3 and ex3Nt (to 
amplify the 3' junction). 

The primers used for PCR strategies had the following 
sequences: 

gfp_int3 5'-CTAGTTGAACGCTTCCATCTTC-3' 
gfp_int5 5'-GTGAAGGTGATGCAACATACG-3' 
nad2St_inv 5'-AGCAAGCTTGCCTAGCAGAGAC 
GTGG-3' 

nad2Nt_inv 5' - A ATTTTTT ATT ATAAAGGGC 
AGGC-3' 

ex2St 5'-GATAACCACGTCTCTGCTAGGCA-3' 
ex3St 5'-AAAGAATGAAGTAATGAAAGAGG-3' 
exlNt 5'-TTTTTGGATATATAATCCAAGTCG-3' 
ex2Nt 5'-CTTTTTTCGTTGAGAATTCCTCG-3' 
ex3Nt 5'-AAGTAATGAAAGAGGAAGTC-3' 
ex4Nt 5 -TTTAAAGATATGAACTGAGTGCC-3' 



Page 5 of 1 3 



Nucleic Acids Research, 2011, Vol. 39, No. 17 ell5 



RESULTS 

DNA substrates for mitochondrial import and in ovgamllo 
homologous recombination 

To evaluate the possibility to integrate exogenous im- 
ported DNA into the plant mitochondrial genome, two 
constructs were designed (schemes in Figure 1; full 
sequences in Supplementary Data, Supplementary 
Figures S2 and S3). Both of them consisted of a part of 
the gfp gene flanked by fragments of mitochondrial DNA. 
In the first construct, DR-Zmjgfp (Figure la), the partial 
gfp sequence was flanked by fragments of a 5.27-kb 
repeated DNA element present in the mitochondrial gen- 
ome of maize fertile cytoplasm and not found in other 
plant species. This element is repeated twice in direct orien- 
tation in the maize mtDNA and is considered as a major 
site of recombination within the mitochondrial genome. 
Sequences related to the Rl (SI) and R2 (S2) linear 
episomes also reside immediately adjacent to this repeat, 
with a short overlap at one of the two boundaries (44). In 
the second construct, nad2-Stjgfp (Figure lb), the partial 
gfp sequence was flanked by fragments of the nad2 gene 
from the potato mitochondrial genome: the end of intron 
3, exon 4 and a piece of intron 4 on one side, the 3' half of 
intron 4 and part of exon 5 on the other side. The choice 
of potato sequences, despite limited available genomic 
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Figure 1. Organization of the gene constructs used as substrates for 
mitochondrial import and in organello recombination assays. Details 
of cloning and assembly are given in 'Materials and Methods' 
section, (a) Construct DR-Zm/gfp was composed of nucleotides 
3881-6927 of the maize mtDNA (accession AY506529) with nucleotides 
98-535 of the gfp coding sequence inserted in antisense orientation into 
the central Hindlll site, (b) Construct nadl-Si y 'gfp was composed of the 
end of intron 3. exon 4, intron 4 and part of exon 5 of the potato 
mitochondrial nadl gene with nucleotides 98-535 of the gfp coding 
sequence replacing in antisense orientation the central Sphl fragment. 
The number of nucleotides in the different components is indicated. 



information, was justified by the fact that tubers from 
this species are a specially valuable source of functional 
mitochondria. On the other hand, the organization of the 
nad2 gene is similar in the species for which the sequence is 
known. The exon sequences of this gene are highly 
conserved, whereas the intron sequences present in our 
construct have inessential differences between the species. 
Thus, the nad2-Stjgfp construct could be used to transfect 
potato, maize and tobacco isolated mitochondria. For 
import experiments, the DR-Zm/gfp and nad2-St/gfp con- 
structs were synthesized as [ 32 P]-radiolabeled linear DNA 
amplified by PCR as described previously (13) from 
plasmids pBDR-Zm/gfp and pBnad2-St/gfp, using the 
corresponding direct and reverse primers (see 'Materials 
and Methods' section). 

The imported DNA specifically associates with its 
counterpart sequences in the mitochondrial genome 

PCR-amplified radioactively labeled constructs nad2-Stj 
gfp and DR-Zmjgfp were used as substrates for import 
into isolated maize or potato mitochondria, based on mito- 
chondrial natural competence (13). Linear pBluescript 
plasmid (pBS, Stratagene), as well as the gfp fragment 
alone were used as control DNAs without homology to 
mitochondrial genome sequences. DNA import was fol- 
lowed by incubation of the organelles in DNA synthesis 
conditions. The latter were optimized in preliminary ex- 
periments according to the source of the mitochondria (see 
'Materials and Methods' section). The result of the assays 
was assessed by analyzing the distribution of the radio- 
labeled substrate in the final mitochondrial fraction re- 
covered from the organelles after extensive DNase 
treatment. Following import and post-incubation, DNA 
corresponding to constructs with homology to mtDNA 
sequences was associated with the high molecular weight 
mtDNA. The extent of association varied with the effi- 
ciency of individual experiments but could reach complete 
shift. When using maize mitochondria, the nad2-Stjgfp 
DNA and the DR-Zmjgfp DNA were both co-migrating 
on gel with the mtDNA (Figure 2a, lanes 1 and 2). On the 
other hand, no shift towards the high molecular weight 
fraction was detected for linearized pBluescript and for 
the gfp fragment alone (Figure 2a, lanes 3 and 4). In the 
case of potato mitochondria, efficient association with the 
mtDNA took place with the nad2-Stjgfp construct, but 
not with DR-Zmjgfp (Figure 2b, lanes 6 and 7). This 
was consistent with the fact that the maize DR region has 
no equivalent in the potato mitochondrial genome. Again, 
neither linearized pBluescript, nor the gfp fragment alone, 
co-migrated with the mtDNA (Figure 2b, lanes 8 and 9). 
As a whole, band shifting of the imported DNA appeared 
to be specific for the sequence content and could result 
from hybridization or recombination of the homologous 
sequences with their counterparts in the mitochondrial 
genome. That no label appeared at the level of the 
mtDNA in control assays also meant that no artifact oc- 
curred which would have been due to the release of radio- 
active nucleotides from the imported DNA and their 
re-incorporation into the organelle DNA. The nad2-Stj 
gfp and DR-Zmjgfp constructs associated with the maize 
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Figure 2. Specific association of the imported DNA with the main mitochondrial DNA. (a-c) Different [ 32 P]-labeled DNA substrates (nad2-St/gfp, 
DR-Zm/gfp, pBluescript and gfp) were imported into isolated maize (a), potato (b) or tobacco (c) mitochondria. The organelles were subsequently 
incubated in DNA synthesis buffer for 2h. Nucleic acids were extracted and directly separated on native agarose gels that were transferred onto 
nylon membranes for autoradiography (Im + Pi). Migration of the mtDNA was confirmed through Southern blot hybridization (Hyb) with a probe 
for the cob gene (lanes 5, 10 and 15). 'na' stands for 'not applicable', (d) Following import of radiolabeled nad2-St/gfp construct into isolated tobacco 
mitochondria and incubation in DNA synthesis buffer, nucleic acids were extracted from the organelle sample and fractionated on native agarose gel. 
The high molecular weight mtDNA was recovered from the gel and digested with BamHI and Seal. The digested DNA was in turn fractionated on 
native agarose gel and transferred onto a nylon membrane for autoradiography (Digest). Migration of import substrates and of reference fragments 
is indicated in the different panels. 



mtDNA to a similar extent (Figure 2a, lanes 1 and 2). This 
suggested that the process did not depend on the nature of 
the mitochondrial sequences present in the construct but 
only on the fact that the constructs contained sequences 
homologous to the mtDNA. 

Unfortunately, more detailed manipulations failed with 
maize mitochondria, due to low stability of the isolated 
organelles. Further experiments were run with mitochon- 
dria from potato tubers and tobacco BY-2 cell cultures. 
Tobacco was advantageous because its mitochondrial 
genome has been entirely sequenced (36). Alignment of 
the potato nad2 sequences used in construct nad2-Stjgfp 



with the corresponding tobacco mitochondrial sequences 
revealed that the organization of this gene is similar in the 
two species. At the same time, the alignment revealed local 
sequence differences which could in turn serve as markers 
to localize the borders of the homologous recombination 
events. In line with the results obtained for potato organ- 
elles, import/post-incubation assays with tobacco mito- 
chondria revealed mtDNA association of the labeled 
nad2-Stjgfp construct (Figure 2c, lane 11), whereas no mi- 
gration shift was detected in the case of DR-Zm/gfp, 
pBluescript or gfp alone (Figure 2c, lanes 12-14). In these 
assays, we observed a lower proportion of nad2-Stjgfp 
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co-migrating with the mtDNA, as compared to maize and 
potato organelles (Figure 2a-c). To confirm that the 
imported nad2-Stjgfp DNA only associated with its hom- 
ologous mtDNA region, standard uptake of the 
radiolabeled construct into tobacco mitochondria was as 
previously followed by incubation in DNA synthesis con- 
ditions. The nucleic acids extracted from the organelles 
were fractionated on native agarose gel. The high molecu- 
lar weight DNA was recovered from the gel, to eliminate 
the excess of free imported DNA, and digested with two 
restriction enzymes, BamHI and Seal, for which no rec- 
ognition sites were present in the nad2-St/gfp sequence. 
The size of the predicted BamHI-Scal target sequence of 
the construct was estimated as 6.8 kb by computing from 
the known tobacco genomic sequence. The autoradiogram 
of the experiment (Figure 2d) revealed some remaining 
free imported DNA and a radioactive product of ~7 kb. 
This suggested that the imported nad2-St/gfp DNA indeed 
specifically associated with a single specific site in the 
mitochondrial genome through its target-homologous 
sequences. 

The imported DNA recombines with the main 
mitochondrial genome 

The above digestion assay showed that the nad2-St/gfp 
DNA specifically interacted with the main mtDNA. To 
establish to which extent the association was stable, 
DNA samples were further analyzed in denaturing condi- 
tions. Aliquots of mtDNA obtained in standard import/ 
post-incubation experiments with radiolabeled nad2-Stj 
gfp and isolated potato mitochondria were fractionated in 
parallel on native (Figure 3a) and on alkaline (Figure 3b) 
agarose gels. Even in denaturing conditions, part of the 
radioactivity remained associated with the high molecular 
weight mtDNA, supporting recombination (Figure 3b, 
lanes 5 and 6). 



To prove the integration of the gfp reporter sequence 
into the potato mtDNA, an inverse PCR approach was 
designed (Figure 4). The DNA samples from import/ 
post-incubation assays with nad2-St/gfp and potato 
mitochondria were digested with the Msel restriction 
enzyme and religated. Diverging primers were designed 
to amplify by inverse PCR a chimeric fragment which 
could only be obtained if the nad2-Stjgfp was integrated 
into the mtDNA, as religation between an Msel site 
present in the mtDNA and a site brought in by the gfp 
sequence was needed (Figure 4). One primer was anneal- 
ing in opposite orientation upstream of the region of 
homology between the construct and the mtDNA. The 
other was specific for the gfp sequence. In the most effi- 
cient experiments, specific inverse PCR amplification was 
obtained both from organelle samples collected already 
after the import step and from samples collected after 
post-incubation in DNA synthesis buffer, implying that 
some recombination could start at the import stage 
(Figure 4). Higher signals were nevertheless generated 
from post-incubated samples. The obtained inverse PCR 
products (Figure 4) were cloned and 89 clones were 
sequenced. From these, in 49 cases the PCR products 
had the predicted structure and contained the expected 
fragments from the gfp gene and the mtDNA region 
[Figure 4, scheme (5); full sequence in Supplementary 
Data, Supplementary Figure S4a]. The inserts in the re- 
maining 40 clones were also representative for the recom- 
bination event but contained additional sequences of 
50-1 50 bp in length corresponding to mtDNA-derived 
small Msel fragments inserted, during the religation reac- 
tion, between the mtDNA Msel site and the gfp Msel site 
considered for the inverse PCR strategy [Figure 4, scheme 
(6)]. Thus, inverse PCR provided direct evidence for the 
in organello integration of the foreign sequences into the 
potato mitochondrial genome. 
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Figure 3. Stable association of the imported DNA with the main mitochondrial DNA. Following import of [ 32 P]-labeled nad2-Stjgfp into isolated 
potato mitochondria and incubation in DNA synthesis buffer for 1 or 2h, nucleic acids were extracted from the organelle samples and directly 
fractionated on native (a) or denaturing (b) agarose gel. Radioactivity was detected by autoradiography after transfer onto nylon membranes. 
Migration of the mtDNA, of import substrates and of reference fragments is indicated. 
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Figure 4. Integration of the imported ncid2-Stjgfp construct into the 
potato mitochondrial genome. Radiolabeled nad2-Stjgfp construct 
was imported into isolated potato mitochondria. Half of the suspension 
was kept at that stage, whereas the other half was incubated in DNA 
synthesis buffer for 1 h. Nucleic acids were extracted from both 
samples, digested with Msel and religated. The religation mixes were 
used for inverse PCR. Both samples yielded inverse PCR products (4), 
implying that recombination can start during the import step. The PCR 
products generated from the import/post-incubation sample (Im + Pi) 
were cloned and sequenced. Sequencing revealed the fragment expected 
from integration by homologous recombination [(5); full sequence in 
Supplementary Data and Supplementary Figure S4a]. Religation 
by-products were also detected in which mtDNA-derived small Msel 
fragments were inserted between the Msel sites considered for the 
inverse PCR strategy (6). (1) Organization of the target region in the 
potato mtDNA with the original Msel sites; (2) expected organization 
and Msel site distribution following recombination of the imported 
nad2-Stjgfp construct with the target region in the mtDNA and inte- 
gration of the gfp sequence; (3) Msel fragment expected from the 
recombined target region (1415nt); (4) agarose gel analysis of the 
inverse PCR products obtained with nucleic acids from organelle 
samples collected after the import step (Im) or after import and incu- 
bation in DNA synthesis buffer (Im + Pi), migration of reference frag- 
ments is indicated; (5) content of the inverse PCR products (467 nt) 
representative for homologous recombination; and (6) content of 
religation by-products; dl, primer gfp_int3; rl, primer nad2St_inv. 



Similar experiments were developed with isolated to- 
bacco mitochondria (Figure 5). Import/post-incubation 
assays were carried out as previously with both the 
nadl-Stjgfp construct and the DR-Zm/gfp construct. The 
DNA samples obtained after phenol extraction were frac- 
tionated on agarose gel after denaturation and submitted 
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Figure 5. Integration of the imported nad2-Stjgfp construct into the 
tobacco mitochondrial genome, (a) Following import of radiolabeled 
DR-Zm/gfp construct or nad2-St/gfp construct into isolated tobacco 
mitochondria and incubation in DNA synthesis buffer for 2h, nucleic 
acids were extracted, digested with Msel and religated. The religation 
mixes were used for inverse PCR and the reaction products were 
analyzed on agarose gel; (DR) assay run with the DR-Zm/gfp con- 
struct, (nad2) assay run with the nad2-Stjgfp construct; migration of 
reference fragments is indicated, (b) A similar assay as in (a) was run 
with the nadl-Stjgfp construct and the inverse PCR products were 
cloned and sequenced. Sequencing revealed the fragment expected 
from integration by homologous recombination [(5); Supplementary 
Data and Supplementary Figure S4b]. (1) Organization of the target 
region in the tobacco mtDNA with the original Msel site; (2) expected 
organization and Msel site distribution following recombination of the 
imported nad2-St/gfp construct with the target region in the mtDNA 
and integration of the gfp sequence; (3) Msel fragment expected from 
the recombined target region (1384nt); (4) agarose gel analysis of the 
inverse PCR products obtained after religation of the Msel digest ( + ); 
as a control, no inverse PCR products were obtained when omitting 
religation (-); migration of reference fragments is indicated; and (5) 
content of the inverse PCR products (284 nt) representative for hom- 
ologous recombination; dl, primer gfp_int3; r2, primer nad2Nt_inv. 



as above to inverse PCR after Msel digestion and religa- 
tion. Confirming the specificity of our observations, no 
amplification was obtained from assays involving the 
DR-Zm/gfp construct (Figure 5a). On the contrary, assays 
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with the nad2-Stjgfp construct yielded an inverse PCR 
product with the expected size [Figure 5a and b(4)]. 
Cloning and sequencing of the amplified fragment 
[Figure 5, scheme (5); full sequence in Supplementary 
Data, Supplementary Figure S4b] showed that the 
nad2-Stjgfp construct based on the potato nad2 sequences 
could also recombine in organello with the tobacco mito- 
chondrial genome. 

Analysis of the 5' and 3' junctions of the recombined 
region 

To analyze the sequences involved in the recombination 
process between the nad2-St/gfp construct and the potato 
mtDNA region, as well as the accuracy of the integration, 
the 5' and 3' flanking sequences of the integrated par- 
tial gfp gene were amplified independently by PCR 
(Figure 6a). For these reactions, one primer was specific 
for an mtDNA sequence upstream or downstream of the 
region of homology with the construct and the second was 
derived from the partial gfp gene [Figure 6b, scheme (2)]. 
The amplified products (Figure 6a) thus contained a 
fragment of the gfp sequence, the 5' or 3' mitochondrial 
sequence of the construct and a piece of mtDNA upstream 
or downstream of the sequences present in the construct. 
Scheme (2) in Figure 6b combines the two separate PCR 
products and the gfp sequence. The 5' and 3' mitochon- 
drial sequences in the nad2-St/gfp construct had a few 
nucleotide differences versus the corresponding mtDNA 
sequences. These differences are indicated in Figure 6b 
and could serve as markers to distinguish the origin of 
the fragments. The corresponding sequence motifs are 
detailed in Figure 6c. 

The obtained PCR products (Figure 6a) were cloned 
and sequenced (Supplementary Data and Supplementary 
Figure S5). In the cloned inserts, the sequences cor- 
responding to the very ends of the regions of hom- 
ology between the nad2-St/gfp construct and the potato 
mitochondrial genome came from the mtDNA itself 
(Figure 6b and c). On the 5' side, the first sequences 
deriving from the construct, according to the markers, 
appeared at ~500-bp upstream of the 5'-end of the partial 
gfp gene. On the 3' side, we had only one internal marker 
in this system, at ~200-bp downstream of the 3'-end of the 
gfp gene, and this marker corresponded to the construct 
sequence (Figure 6b and c). From these first data, it 
appeared that the exchange of homologous sequences 
extended up to at least 0.5 kb during the recombination 
process. 

The investigations were further developed with tobacco 
mitochondria, taking advantage of the short local sequence 
differences between the nad2-St/gfp construct and the cor- 
responding N. tabacum genomic region (Figure 7c and d). 
Although a single PCR step also proved sufficient to 
amplify the recombined regions, in this case we opted 
for a nested PCR strategy for detailed analyses, so as to 
favor maximum specificity. Thus, following the import and 
in organello recombination assay, a first PCR reaction was 
performed with primers specific for mtDNA sequences 
upstream and downstream of the region of homology 
between the construct and the mtDNA (Figure 7a and c). 
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Figure 6. Sequence analysis of the recombined region resulting from 
the integration of the imported nadl-St j gfp construct into the potato 
mitochondrial genome. Following import of radiolabeled nad2-Stjgfp 
construct into isolated mitochondria and incubation in DNA synthesis 
buffer for 2h, nucleic acids were extracted and used for direct PCR 
amplification of the 5' and 3' recombined regions flanking the 
integrated gfp sequence. The amplified products were cloned and 
sequenced, (a) analysis of the direct PCR products on agarose gel; 
position of the primers is indicated in (b), scheme (2); migration of 
reference fragments is indicated, (b) Integration of the nad2-Stjgfp con- 
struct into the potato mtDNA; (1) organization of the nad2-St/gfp 
construct with the distribution of the sequence markers versus the 
potato mtDNA (C1-C5); (2) organization of the recombined region 
in the potato mtDNA showing the origin of the sequence markers, as 
determined experimentally; the 5' part of the recombined region was 
amplified with primers d2 (ex2St) and r3 (gfp_int5); the 3' part of the 
recombined region was amplified with primers dl (gfp_int3) and r4 
(ex3St); the two products were sequenced (full sequences in 
Supplementary Data and Supplementary Figure S5) and the sequences 
were assembled to yield the recombination product; (3) organization of 
the target region in the potato mtDNA with the distribution of the 
sequence markers versus the nad2-St/gfp construct (M1-M5). 
Distances from the borders of the gfp sequence or of the central 
mtDNA SphI fragment are indicated in number of nucleotides, 
(c) Details of the sequence marker motifs as positioned in (b); nucleo- 
tides differing between the nad2-Stjgfp construct and the potato 
mtDNA are in underlined grey. 



Nested PCR was subsequently run with the first PCR 
product to amplify independently the 5' and 3' flanking 
sequences of the integrated partial gfp gene (Figure 7b 
and c). Scheme (2) in Figure 7c combines the PCR 
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Figure 7. Sequence analysis of the recombined region resulting from 
the integration of the imported nadl-Stjgfp construct into the 
tobacco mitochondrial genome. Following import of radiolabeled 
nadl-Stjgfp construct into isolated mitochondria and incubation in 
DNA synthesis buffer for 2h, nucleic acids were extracted and used 
for direct PCR amplification of the entire recombined region. The 
obtained product served as a template to amplify independently by 
nested PCR the 5' and 3' recombined regions flanking the integrated 
gfp sequence. Nested PCR products were cloned and sequenced, (a) and 
(b) analysis of the direct PCR products on agarose gel; original amp- 
lification of the entire recombined region (a) and nested PCR for the 5' 
and 3' flanks (b); position of the primers is indicated in (c), scheme (2); 
migration of reference fragments is indicated, (c) Integration of the 
nadl-Stjgfp construct into the tobacco mtDNA; (1) organization of 
the nadl-Stjgfp construct with the distribution of the sequence 
markers versus the tobacco mtDNA (C6-C16); (2) organization of 
the recombined region in the tobacco mtDNA showing the origin 
of the sequence markers, as determined experimentally; marker 7 was 
of mixed origin; a fragment spanning the recombined region was first 
amplified with primers d3 (exlNt) and r5 (ex4Nt); the PCR product 
was subsequently used as a template for nested PCR, so as to amplify 
the 5' part of the recombined region with primers d4 (ex2Nt) and r3 
(gfp_int5) and the 3' part of the recombined region with primers 
dl (gfp_int3) and r6 (ex3Nt); the two nested PCR products were 
sequenced (full sequences in Supplementary Data and Supplementary 
Figure S6) and the sequences were assembled to yield the recom- 
bination product; (3) organization of the target region in the tobacco 
mtDNA with the distribution of the sequence markers versus 



products and the gfp sequence and indicates the position 
of the local differences between the 5' and 3' potato mito- 
chondrial sequences in the nadl-Stjgfp construct and the 
corresponding tobacco mtDNA regions. The sequence 
motifs are detailed in Figure 7d. As previously, the 
obtained PCR products were cloned and sequenced 
(Supplementary Data and Supplementary Figure S6). 
The sequences corresponding to the very ends of the 
regions of homology between the nad2-Stjgfp construct 
and the tobacco mitochondrial genome came from the 
mtDNA in the recombined products (Figure 7c and d). 
On the 5' side, the single specific internal marker was at 
510-bp upstream of the 5'-end of the gfp sequence. In 
~80% of the clones sequenced (33 out of 43), this 
marker came from the nad2-Stjgfp construct. However, 
20% of the clones (10 out of 43) contained the mtDNA- 
derived sequence at this position (Figure 7c and d), 
implying that the cutting edge of the homologous sequence 
exchange was indeed ~0.5kb. For the 3' junction, all 
markers within the 548-bp region downstream of the 
3'-end of the gfp gene had the construct-specific 
sequence (Figure 7c and d). 

Altogether, sequence analyses of the recombined prod- 
ucts from the assays with potato and tobacco mito- 
chondria showed that: (i) the gfp reporter gene was 
integrated into the mtDNA in an accurate way without 
duplications or deletions; (ii) the recombination events 
occurred in the flanking sequences upstream and down- 
stream of the reporter gene; (iii) the exchange of homolo- 
gous sequences likely involved ~0.5-0.6kb on each side of 
the reporter gene, i.e. less than the flanking sequences 
available in the construct; and (iv) the process tolerated 
short local sequence differences between the imported 
DNA and the corresponding regions in the mtDNA. 



DISCUSSION 

The present work establishes that exogenous DNA can 
enter plant mitochondria, recombine with the mtDNA 
on the basis of homologous regions and transfer a 
sequence of interest into the resident genome. This 
makes it unlikely that the so far reported failure to 
obtain mitochondrial transformation in plant cells be 
due to a resistance of the mitochondrial genetic processes 
towards integration of the exogenous DNA. It rather 
suggests that unsuccessful attempts resulted from an in- 
appropriate transfection approach or from the lack of a 
proper selection marker. Our results thus shed a new light 
on mitochondrial transformation in vivo. 

We also report here the first direct investigation of an 
homologous recombination process in plant mitochon- 
dria. Endogenous recombination in plant mtDNA is 
based on specific repeats up to several kilobases in size 



Figure 7. Continued 

the nadl-Stjgfp construct (M6-M16). Distances from the borders of the 
gfp sequence or of the central mtDNA SphI fragment are indicated in 
number of nucleotides, (d) Details of the sequence marker motifs as 
positioned in (c); nucleotides differing between the nadl-Stjgfp con- 
struct and the tobacco mtDNA are in underlined grey. 
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and one could wonder whether these have special pro- 
perties. In this context, it is interesting to point out that 
in our experiments recombination did not require specific 
features in the involved mitochondrial sequences, but only 
needed the presence of sequences homologous to the 
mtDNA in the imported construct. This suggests that 
most regions in the mitochondrial genome can be 
targeted for functional studies or insertion and expression 
of new genes, paving the way for a general use of such a 
strategy. 

Deeper analysis based on sequence tags enabled further 
characterization of the mitochondrial recombination 
mechanism which appeared to be extremely precise. 
Sequencing results implied the accurate insertion of a con- 
tinuous exogenous DNA fragment composed of the gfp 
sequence and at least 0.5 kb of intact construct sequence 
on each side. These observations somehow contrast with 
the data available for the recombination of synthetic DNA 
with the chloroplast genome, although such information 
remains scarce despite increasing development of plastid 
biotechnology [e.g. (45^7)]. Organelle DNA sequences 
present in transformation vectors also serve as targeting 
regions to direct integration into the plastid genome. 
Similar to our results, plastid targeting sequences have 
no special properties and may derive from most parts of 
the plastid genome. Foreign genes have been inserted in at 
least 14 intergenic regions (48). Based on polymorphic 
markers leading to antibiotic resistance, it has originally 
been considered that integration of the exogenous DNA 
resulted in complete or nearly complete replacement of the 
resident chloroplast DNA sequence by the corresponding 
sequence in the donor plasmid. In tobacco, the entire 
length of the homologous region seemed to be incor- 
porated and retained in the transformed plastid genome 
(49). Recent analyses with new synthetic vectors carrying a 
number of sequence tags in the plastid targeting regions 
revealed a more contrasted situation. It was shown that 
recombination with the organelle DNA actually occurred 
at either end of the homologous sections, yielding recom- 
bination products with entirely synthetic (construct se- 
quence inserted) or entirely wild-type (resident sequence 
kept) plastid DNA in the targeted region (46). The left 
targeting sequence of the construct was reported to be 
incorporated into the plastid genome in only half of 
the cases and partial replacement was also observed. 
Recombination could take place in the range of 
~1 20-250 nt upstream of the non-plastid sequence of the 
construct (46), whereas in our assays at least ~0.5kb of 
exogenous mitochondrial sequence was incorporated 
together with the gfp marker. Recombination close to 
the ends of the homologous regions was proposed to 
proceed through heteroduplex formation between the en- 
tire synthetic sequence and the plastid genome, followed 
by repair using either the organelle strand or the exogen- 
ous strand as a template (46). According to our data, a 
similar hypothesis for mitochondria would imply a full 
bias for the exogenous strand in the repair reaction, 
which in first instance seems unlikely. These data alto- 
gether suggest that recombination between the organelle 
genome and an exogenous DNA proceeds in a different 
way in plastids and in plant mitochondria. Also 



noticeable, diverging sequence stretches present in the 
transformation vector regions homologous to the organ- 
elle DNA appear to be deleted during recombination in 
chloroplasts, presumably by looping out, whereas diverg- 
ing sequences specific for the targeted plastid genome 
region can be maintained (45). 

A further observation unfavorable for heteroduplex 
repair in plant mitochondria is the 20% occurrence of re- 
combination events clearly located inside the left targeting 
sequence, as revealed by the appearance of an mtDNA 
marker in an intermediate position (Figure 7c and d). 
Interestingly, as mentioned, this position where the 
sequence was distributed between the construct marker 
and the mtDNA marker was representative for the 
exchange of ~500bp of homologous sequence, a result 
which can be related to earlier data on recombination 
control within the resident mtDNA. Three nuclear- 
encoded factors have been shown to be involved in 
higher plant mitochondrial recombination surveillance 
and control of mtDNA rearrangements, MSH1 (37), 
RECA3 (39) and OSB1 (38). They appear to take part 
in the repression of homologous recombination between 
small or intermediate size repeats, so as to avoid extensive 
rearrangements of the mitochondrial genome. Similar 
mechanisms based in particular on the RECA1 protein 
have been described in the moss Physcomitrella patens 
(50). Whereas in wild-type Arabidopsis thaliana mitochon- 
drial repeats up to 556 bp do not recombine (51), they 
become recombinationally active in mshl mutants (52). 
Whether repression of recombination extends to inter- 
mediate repeats > 556 bp could not be determined because 
there are no repeats in the size range between 556 bp and 
4.3 kb in the A. thaliana mitochondrial genome and a 
similar situation occurs in other species [e.g. (12) and ref- 
erences therein]. Our observation of recombination events 
involving the exchange of only ~500 bp of DNA from an 
otherwise longer homologous sequence suggests that the 
range of 500-600 bp is indeed the upper limit of recom- 
bination containment in plant mitochondria. Conversely, 
our results together with the literature data imply that 
recombination of an imported exogenous construct with 
the resident DNA will only be promoted by mtDNA- 
homologous sequences of at least ~500bp. This opens 
the interesting possibility to design transfection constructs 
carrying multiple short sequence stretches homologous to 
the mitochondrial genome (i.e. organelle promoter and 
regulation motifs associated with the exogenous gene of 
interest) and still direct the insertion to a single, presum- 
ably neutral locus of the mtDNA through longer repeats 
of >500bp. 

Remarkably, recombination control in C. reinhardtii, 
one of the two unicellular organisms amenable to mito- 
chondrial transformation, appeared to be much looser. In 
that case, complementation of a point mutation located at 
509 bp inside the region of homology between the mtDNA 
and a relevant transformation construct could not be 
obtained, suggesting that the sequence exchange was sys- 
tematically <0.5kb (53). Moreover, a construct carrying 
as little as 0.1 kb of sequence homologous to the mtDNA 
was still able to recombine with the linear C. reinhardtii 
mitochondrial genome and to complement a dum mutant 
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with a large deletion in the left terminus (53). The effi- 
ciency of C. reinhardtii mitochondrial transformation 
nevertheless remained proportional to the length of the 
mtDNA-homologous region present in the transfected 
construct (53). 

Beyond the transfection method, genetic transformation 
of organelle genomes presents specific requirements with 
respect to selectable markers. Multiple genome copies 
must be converted to the transformed genotype and the 
selection applied during this process should not be lethal, 
or transformants will be killed before they can be 
identified. 5. cerevisiae and C. reinhardtii, for which the 
organelle function is expendable, allow for selection based 
on rescue of a mitochondrial mutation with wild-type gene 
copies [e.g. (54,55)]. In S. cerevisiae, co-transformation 
with two plasmids allows for primary selection based on 
a nuclear marker, which is then followed by selection for 
restored respiration. Developing a suitable selection strat- 
egy for the recovery of mitochondrial genome transform- 
ants in obligate aerobes such as land plants still remains 
an open challenge. 
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